We have recently shown that AlN ͑0002͒ ͑c axis͒ is tilted abruptly toward the deposition direction as N 2 concentration is increased in N 2 / Ar sputtering gas mixtures. Here, we present a Monte Carlo simulation model to describe the phenomenon of sudden c-axis AlN tilt. The model is based on the assumption that AlN islands with their c axis parallel to substrate normal and AlN islands with tilted c axis coexist at the initial stages of the growth and they can provide the adatoms with different surface mobilities. It is believed that the adatom mobilities are quenched when N 2 concentration reaches a certain amount in the reactive sputtering of AlN. Our model further assumes that adatom mobility differences on different islands result in a growth rate difference of the islands. At the initial stages of the growth, AlN islands with tilted c axis grow taller due to the lower adatom mobility on these islands. As they grow taller, they win the competition and stop the further growth of AlN islands with their c axis parallel to substrate normal due to shadowing effect. Monte Carlo simulations revealed that the shadowing effect combined with different adatom mobilities promotes the sudden c-axis tilt in AlN thin films.
I. INTRODUCTION
AlN has been extensively studied due to its wide band gap energy ͑ϳ6.3 eV͒, high piezoelectric coupling factor, high ultrasonic velocity, 1 and stable thermal and mechanical properties. 2, 3 Owing to its convenient properties, AlN is used to fabricate surface acoustic wave and optical devices. 4 It is a compound semiconductor and has a hexagonal wurtzite structure. Its lattice constants a and c are 3.11 and 4.99 Å, respectively. 5 Physical properties of the polycrystalline thin films are determined by their texture, which gives rise to seeking ways to control the texture of a growing film. 4 Thin films usually have one of the crystallographic axes in the out-of-plane direction and no in-plane alignment. In this case, the preferred orientation is known as fiber texture. If the adatoms landing on the surface have enough surface mobility, then they have a chance to reach minimum energy sites before they are buried by the following layers. 6 Therefore, adatom mobility is a crucial parameter determining the out-of-plane texture. Depending on the growth conditions, AlN can respond to the incident atoms by tilting its c axis toward the deposition direction. 4 Dellas and Harper proposed that the fiber axis of a growing film is tilted in off-normal angle sputtering conditions due to the low adatom mobility. 6 Materials with higher melting point typically have lower atom mobilities at low temperature ͑i.e., temperatures less than 1 3 of melting point͒ deposition conditions. As the adatom mobility decreases, the fiber axis response to the deposition direction increases due to the flux of energetic particles coming from the source.
In a recent study, we have shown that texture tilt angle is dependent upon the gas composition in AlN thin films deposited by off-normal reactive magnetron sputtering in N 2 / Ar mixture. 7 AlN films were grown on Si͑100͒ substrates with native oxide using dc magnetron sputtering at room temperature. The ratio of N 2 to Ar+ N 2 was varied from 0% to 19% to explore the transition from fcc Al to hexagonal AlN. The deposition angle was set to 42°from substrate normal. Our system configuration makes the sputtered flux have an angular width of 30°͑see Ref. 7 for further experimental details͒. The fiber axis tilt angle is shown in Fig. 1 as a function of nitrogen concentration in the sputtering gas. Aluminum films showed strong ͑111͒ out-of-plane texture, which was slightly tilted. AlN films were obtained for the first time when N 2 concentration was 8%. The samples deposited at 8% and 9% N 2 concentration showed weak ͑0002͒ out-of-plane texture a͒ Electronic mail: derya.deniz@unh.edu. with c-axis tilt less than 10°. Amorphous AlN films were grown when the N 2 concentration was 10% and 11%. AlN deposited at 12% N 2 content displayed a strong ͑0002͒ outof-plane texture with a c-axis tilt of 8°. When N 2 percentage was increased from 12% to 13%, AlN texture drastically tilted toward the deposition direction by 42°.
Previously, Morrow et al. grew ruthenium ͑Ru͒ films by oblique angle magnetron sputtering deposition. 8 They obtained a tilted texture as well as two other non-negligible textures. They correlated the existence of more than one texture to the competition between the crystalline planes with different vertical growth rates, which results in the survival of the grains with higher growth rate due to shadowing. They also argued that the vertical growth rate is dependent upon the adatom mobility. Moreover, Wang and co-workers studied tungsten ͑W͒ nanorods grown by oblique angle sputter deposition with substrate rotation. 9, 10 They showed that there was a growth competition between the bcc ␣-phase W ͑110͒ and A15 ␤-phase W ͑100͒ grains at the early stages of the growth. They observed that, at the later stages, ␤-phase structure was dominant even though ␣-phase is thermodynamically favored in sputter deposition at normal incidence. They used adatom mobility and shadowing mechanisms to explain the unusual take over of ␤-phase islands.
In this study, we explain the drastic change in AlN c-axis tilt by a combination of shadowing effect and competitive growth between grains of different orientations. We performed Monte Carlo simulations to explore the dynamics of this competitive growth.
II. MONTE CARLO SIMULATIONS
We used a ͑2+1͒-dimensional Monte Carlo technique to simulate the evolution of texture and morphology of AlN films during oblique angle deposition. The detailed experimental geometry is described elsewhere. 7 In the simulations, cubic lattice points form the three-dimensional crystal structure. We assigned each adatom a dimension of one lattice unit. We used continuous boundary conditions with 512 ϫ 512 lattice size. Similar to the experimental design, the simulations included a flux of particles incident on the substrate surface at an angle of 42°. In order to model the angular distribution in a typical sputter deposition, the incident flux had an angular spread ͑centered around the incident beam͒ according to the distribution function dP͑ , ͒ / d⍀ = ͑2 cos ͒ / ͑ sin ͒, where is the polar angle and is the azimuthal angle. 11 In the simulations, we assumed that the particle energies are negligible and hence no momentum transfer takes place when particles land on the surfaces.
We assigned two types of surface sites and adatoms, namely A and B. We allowed type-A adatoms to have lower surface activation energy than type-B adatoms. As a result, type-A adatoms have higher surface mobility than type-B adatoms. We considered A and B as our nontilted and tilted texture sites of AlN, respectively. In each simulation step, we send an atom toward the randomly picked lattice point on the surface. Then, D / F number of prescribed surface atoms attempts to diffuse when a particle is deposited. 12 D denotes the number of surface atoms ready to diffuse in a given time interval. The time interval is described as the F number atoms deposited on the surface. In a time interval of one deposited atom ͑F =1͒, the surface has D number of atoms, which can diffuse. In the simulations, we set D and F values both equal to 1. As a result, the randomly chosen atom on the surface can hop toward a randomly chosen nearest neighbor following deposition of an incident atom on the surface. The probability of diffusion is Arrhenius type and proportional to exp͑−E / k b T͒, where E is the summation of activation energy of diffusion ͑E D ͒ and total bond energies of the nearest neighbors ͑E N ͒, k b is the Boltzmann constant, and T is the substrate temperature in Kelvin. [13] [14] [15] We set the diffusion parameters E D = 0.1 eV on B sites, E D = 0.05 eV on A sites, E D = 0.5 eV on substrate sites, E N = 0.1 eV, and T = 300 K, which are consistent with the experimentally observed values in sputtering conditions. 16 The activation energy on B sites is two times higher than that on A sites; hence, adatoms are allowed to have higher surface mobilities on A sites compared to B sites. We also ran several simulations by increasing the activation energy ratio between A and B sites from 2 to 8 and 18 by changing E D on B sites to 0.4 and 0.9 eV, respectively, which did not result in significant changes. The particle can keep jumping until E / k b T becomes large, i.e., it finds a valley, lattice site or an island. In some cases, E / k b T is already large at the first attempt of hopping and particle does not diffuse at all being followed by another deposition step. In order for the diffusion process to take place, we assigned different activation and bond energies for A, B, and substrate sites. This helped us include the effects of different adatom mobilities on different crystal orientations in the simulations. Each atom emitted in the simulations is randomly labeled as either A or B type. We ran several simulations by varying the percentage of B within the flux from 1% to 50%. If a particle is deposited on the surface, it creates a nucleation site for A and B. If A lands on A or B lands on B, they remain the same. However, if A lands on B then A becomes B and increases the height of the B site. In the same manner, if B lands on A it becomes A and increases the height of the A site. If surface A diffuses over B then the B site becomes A and vice versa. During the simulations, we kept track of the ratio of A or B site to A + B. We also note that the results that will be presented in the following section were obtained through averaging the results of six simulations of the same parameters ͑e.g., activation energies, emission rates of particles A and B, etc.͒ however, with different seed numbers ͑for the random number generator͒.
III. RESULTS AND DISCUSSION
In conventional normal incidence deposition, the sites with high adatom mobilities grow faster laterally and cover more surface area. [13] [14] [15] In our case, we would expect A sites to grow onto B sites and convert them to A at normal incidence deposition. In other words, because of their larger surface coverage A sites capture more incident atoms and make them join the A sites. Figure 2 shows our simulation results for normal incidence deposition with an incident flux of A50% and B50%. The take over of high adatom mobility sites ͑A type͒ is evident.
However, when the flux comes from an angle, B sites grow faster in the vertical direction due to lower adatom mobility and they capture more particles since they can grow taller and shade the nearby A islands with higher surface mobilities. [13] [14] [15] In Fig. 3 , we sketch the texture evolution for ͑a͒ normal incidence deposition and ͑b͒ oblique angle deposition. In normal incidence deposition, A islands laterally overgrow B islands, resulting in a fiber texture dominated by A islands. In oblique angle deposition, the higher B islands quickly shadow the lower A islands, thereby capturing a greater fraction of the incident atom flux. The result is a tilted texture, oriented toward the deposition source, and dominated by B islands.
The results of our simulations of oblique angle deposition are given in Fig. 4 , which shows the concentration of A and B as a function of thickness for different initial emission probabilities. Increasing concentrations correspond to type-B islands whereas decreasing ones correspond to type-A islands. There is a complementary B curve for each A curve so that the total surface concentration adds up to 100%. As it can be seen from Fig. 4 , B sites grow faster compared to A sites even at lower ratios of B. Our simulations revealed that the growth rate of B nonlinearly increases as we increase the percentage of B. The curves bend over and they change their slopes. This is evident for almost each curve around the thickness values between 1000 and 2000 lattice units. To study this trend, we plot the slopes of each curve with respect to B percentage around 1500 lattice units. Figure 5 shows the slope of each curve against B percentage at a thickness of 1525 lattice units. The bold line in the graph is a logarithmically fitted curve of the data to show the trend. It is evident from Fig. 5 that the growth rate of low adatom mobility islands B nonlinearly increases as we increase their initial emission probabilities. It rapidly increases for B% values up to 10% and slowly for the larger B concentrations. We argue that this nonlinear nature of the growth mechanism simulated by the Monte Carlo method can explain the drastic change in c-axis tilt observed in AlN thin films. As we increase the N 2 concentration, the number of adatoms with lower surface mobilities is also increased 7 ͑i.e., in our simulations B percentage͒. The effect of changing nitrogen partial pressure is indirectly included in the simulations by changing the initial emission probabilities of type-A and type-B adatoms; otherwise we do not have a direct way of including it in the simulations. The slopes are also expected to depend upon the specific values of the D / F, temperature, deposition angle, angular spread, bond, and activation energies.
The surface morphology of the film simulated for 50% A type and 50% B type emitted atoms is shown in Fig. 6 for normal incidence and oblique angle deposition. These snapshots are taken at a thickness of 3815 lattice units. In Fig.   FIG. 2 . Evolution of surface composition ratios of A and B sites during normal incidence deposition .   FIG. 3 . Sketch of texture evolution for ͑a͒ normal incidence and ͑b͒ oblique angle deposition. 6͑a͒, incoming particles are incident on the surface at a normal angle. The atoms are landing on the surface from the right in Fig. 6͑b͒ . The tilt behavior toward the deposition direction can be clearly seen in Fig. 6͑b͒ . In addition, due to the shadowing effect, the root-mean-square ͑rms͒ roughness of the films deposited at oblique angle is significantly larger than the ones deposited at normal incidence. Consistent with the predictions from the simulated films, we have experimentally shown that the c-axis tilted and nontilted AlN films both have tilted columnar structures but AlN with tilted c-axis film is rougher. 7 This is because in the tilted case the shadowing effects are more profound. Figure 7 shows the crosssectional transmission electron microscopy ͑TEM͒ images of nontilted and tilted AlN films deposited at 12% and 13% N 2 content, respectively. In these images, the deposition flux is from the right. Roughness difference is evident in the figures; the film deposited at 13% N 2 is significantly rougher than the one deposited at 12% N 2 .
We also investigated how the roughness of the films responds to the increasing surface concentration ratio of type-B grains. Figure 8 shows the rms roughness of the films against B% at 3815 lattice unit thickness. The bold line is the trendline curve fitted for the data. It can be seen in the figure that the roughness of the simulated films increases rapidly for B% values less than ϳ10% and then saturates. This observation can explain the roughness difference observed in AlN films.
IV. CONCLUSION
We have studied the sudden c-axis tilt observed in AlN thin films by means of experimental and simulation work. It has been shown that the response to the deposition direction can be explained by adatom mobility differences on tilted and nontilted surfaces and shadowing effects. We have simulated and shown that the surface composition ratio of the tilted grains increases abruptly as their initial emission rates are increased and the film thickens. We argue that the adatom mobility differences and shadowing effects are the most important parameters, which are responsible for the nonlinear growth behavior observed in AlN films. 
